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ABSTRACT 
Advances in integrated circuit (IC) fabrication has led to microelectronic devices 
with sub-micrometer size features. These small features have been used to enhance the 
functionality of devices including faster processing. At the same time, this feature 
miniaturization has also caused unintended reliability concerns from corrosion. While the 
susceptibility of materials to degradation has not changed, the small length scales have 
meant that a shorter time of or amount of corrosion can lead to device failure. Prior work 
in understanding corrosion in microelectronic devices has included classifying failure 
mechanisms in microelectronic devices. These works indicated that the primary factors 
contributing to corrosion events included moisture in the operating environment, ionic 
contaminants diffusing into the devices, small distances between metallic lines that created 
large electric fields, and electric contact between dissimilar materials.  
While there has been substantial research on bulk material corrosion mechanisms, 
more work is needed to understand the corrosion of films and features. The intention of 
this study was to understand the electrochemical performance of Ti and TiNx films. This 
material system was selected due to its wide appearance in microelectronic devices as 
adhesion layer and diffusion barrier layer for the metallization. Ti/TiN layered systems also 
appear in other coating applications such as wear-resistant coatings, where the architectural 
arrangement of layers has been of interest to researchers. These layered configurations 
could lead to both galvanic and interfacial corrosion.  
The aims of the research were to (1) understand how the pH of electrolyte 
influences the electrochemical behavior of Ti and TiNx thin films independently; (2) 
iii 
evaluate the stability of electrochemical performance of the Ti and TiNx films during 105 
days of exposure to each electrolyte; (3) study effect of galvanic coupling on 
electrochemical performance of Ti and TiNx; and (4) determine if macro-scale corrosion 
tests can show a considerable difference between the behavior of Ti/TiN multilayered and 
electrically coupled samples.  
Monolithic Ti and TiN, bilayered Ti/TiN, and nanolaminated Ti/TiN with 100 nm 
thick layers in all cases were deposited onto (100) Si wafers using sputtering deposition. 
Electrolytes were 3 wt. % chloride ions with different pH values, ranging from acidic to 
basic. While all wafers in a process chamber were considered a single sample, we will 
report the tests of the replicates made from each sample. Four (4) sample replicates were 
kept in each electrolyte and tested independently.  
Results showed more negative potentials for monolithic and electrically coupled 
systems in the basic electrolyte. The range of OCP values in the basic cell was -0.2 V to -
0.8 V, while it was -0.4 V to +0.4 V in the neutral and acidic cells. Some instabilities were 
observed in basic electrolytes in terms of fluctuations in OCP curves. We expected to see 
some differences between the behavior of monolithic Ti and TiN because of having oxide 
layers of different stoichiometry and composition, and the difference between the two was 
pronounced in the acidic electrolyte with an order of magnitude higher polarization 
resistance for TiN. Electrically coupling Ti and TiN affected the behavior of Ti in acidic 
cell. Macro-scale corrosion tests such as OCP and LPR did not show a considerable 
difference between the electrochemical performance of bilayered Ti/TiN and electrically 
coupled Ti/TiN. However, Mott-Schottky analysis showed different flat-band potentials (-
iv 
0.08 V for bilayer and -2.34 for electrically coupled system). EIS technique showed that 
the peaks in the low frequency range of Bode phase diagrams appeared at different 
frequencies for bilayer and electrically coupled films.  
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CHAPTER ONE 
INTRODUCTION TO THE CORROSION OF MICROELECTRONIC AND MEMS 
DEVICES 
Corrosion is the degradation of metals as a result of their electrochemical reaction with 
their environment [1]. By understanding factors affecting corrosion for films, designers 
will be able to mitigate some of the existing reliability concerns for thin film devices and 
also the resulting financial burdens. The introduction of new materials with unknown 
corrosion behavior, incorporation of these devices in a variety of harsh environments, 
dimension shrinkage of microelectronic device features and the increasing number of 
interconnections has led to a higher number of corrosion related failures [2]. In 
microelectronics, corrosion can directly be the failure mechanism unlike many areas where 
it starts another failure mechanisms [3]. In 1980s, it was reported that 20% of all failures 
in microelectronic devices was due to corrosion, and this trend has increased with the 
miniaturization of the features in an IC, incorporation of these devices in harsher 
environments, and introduction of new materials into the device [4].  
A key issue for microelectronic system is high electric fields across thin film even though 
the applied potentials are generally limited (less than 5 V) due to the small feature sizes 
[3,5]. In the presence of moisture and ionic contaminants between conducting lines, the 
high electric field triggers electrolytic processes [3,5]. One such electrolytic mechanism is 
called electrolytic migration, in which the metallic ions from the anodic line are reduced at 
the cathode, and the dendritic growth of a conductive salt from cathode toward anode leads 
to a short circuit between adjacent conductors [3]. 
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The intent of this research study was to generate new knowledge related to thin 
films corrosion to improve the long-term performance of ICs, microelectronic devices and 
microelectromechanical systems (MEMS) that will be expected to function when exposed 
to various corrosive environments. This thesis reports on how electrolyte composition 
(acidic, neutral and basic) can impact the corrosion. The systems being studied include 
monolithic films (Ti, TiN) along with electrically coupled films and layered films. The 
layout of this chapter will include sections that initially provide readers a general overview 
of the incorporation of metallic and ceramic thin films in the ICs of microelectronic devices 
and MEMS, the corrosion risks and failure mechanisms posed by the miniaturization of IC 
components, and the techniques used to monitor the corrosion performance (Chapter 1). In 
Chapter 2, we will highlight research methodology and the selection of testing parameters 
that will be used. Then we will discuss our findings related to the electrochemical behavior 
of monolithic Ti and TiN thin films (Chapter 3). These film systems were selected due to 
their frequent occurrence within ICs. Chapter 4 focused on understanding the 
electrochemical behavior of electrically coupled Ti and TiN. This chapter starts with 
introducing galvanic coupling and then summarizes key findings about the electrical 
coupling of films. Chapter 5 compares the electrochemical behavior of Ti/TiN bilayers and 
nanolaminates with electrically coupled and monolithic Ti and TiN thin films. Specifically, 
this chapter covers the application of layered Ti/TiN structures as coatings in wear 
resistance applications. Finally, the key conclusions of this thesis are summarized in 
Chapter 6 along with recommendations for additional studies and research pathways.  
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1.1. Overview of Materials and Dimension Changes in Microelectronic Devices and 
MEMS 
The progress in IC technology since its inception has included considerable 
decrease in the feature size and increase in the total number of transistors per area [2,6]. 
These changes were enabled by new fabrication processes and resulted in key performance 
changes. In microprocessors, which are an advanced class of ICs, the improvement in 
performance has been due to increased number of operations per second and decreased cost 
of calculation per second. In memory chips, performance improvement has been realized 
in terms of increased storage capacity [2].  
In order to continue improving performance, research groups are focused on both 
improved fabrication technology along with new materials. For example, the process speed 
can be limited by the resistance of the interconnect lines and capacitance of the dielectric 
material [7]. Material transitions have included both metallic and ceramic materials. Al, Al 
alloys such as Al-Cu and Al-Si-Cu, and W have been replaced with Cu-based 
interconnects. These transitions sometimes have resulted in additional design complexity. 
Although Cu metallization has advantages of lower resistivity and higher resistance to 
electromigration compared to Al alloys [8,9], its high chemical reactivity [8], high 
diffusivity into Si [7–9], and poor adhesion to both SiO2 and most dielectric materials [7] 
resulted in the application of diffusion barrier/adhesion promoter layers between the Cu 
and dielectric materials.  
The most commonly used diffusion barrier and adhesion promoter layers for Al- 
and W- based metallization are Ti and TiN. While these films are commonly used, there 
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are still ongoing studies on controlling the microstructure of Ti and TiN interlayers to 
improve barrier performance along with studies on alternative interlayer materials. The 
diffusion of species between the barrier layer and metallization can cause issues. For Cu 
metallization in very-large-scale-integration (VLSI), ultra-thin layers of Ti /TiN cannot 
always provide sufficient barrier for Cu [7]. Grain boundary diffusion in TiN with 
columnar grains connecting Cu and Si can lead to barrier failure even though TiN is 
chemically stable with both Si and Cu [7,9]. Therefore, work is still being done to modify 
the microstructure and subsequently the barrier properties of Ti/TiN layers. Examples of 
recent process changes have included post-deposition anneal  [7,9]. Alternatively, new 
barrier thin films are being studied as potential barrier and adhesion layers for Cu 
metallization [7,9]. Refractory transition metals with high melting temperatures like Ta 
(along with their alloys and their binary and ternary compounds) have been suggested to 
be used as diffusion barrier with Cu metallization [7].  
Ti and TiN films are used in MEMS devices in addition to ICs. Similar to ICs, 
MEMS devices are used in a range of environments and studies have suggest that 
researchers should consider integrating materials with good adhesion, low magnitudes of 
stress, high thermal stability, and high corrosion resistance [10,11] into these systems.  
 
1.2. Comparison of Bulk and Thin Film Corrosion Knowledge 
The properties of a thin film can be different from those of the bulk material. 
Reasons for these differences include the high surface area to volume ratio of thin films 
[12], variation of microstructure between films and bulk material [12–15] or the influence 
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of an interface between a film and substrate. These differences have been documented for 
some material systems. For example, while bulk Ti has a HCP structure, thin films of Ti 
can be either HCP [13–15], FCC [13–15] or have an amorphous structure [16,17]. Another 
example can be shown using Mg alloys. Schluter et al. [18] showed that AZ80 magnesium 
alloys containing β-phase precipitates (Mg17Al12) when fabricated using bulk processing 
methods, can be produced as a supersaturated solid solution without β precipitates through 
physical vapor deposition (PVD) methods. Additionally, the properties of thin films can be 
affected by the surface/interface properties of the substrate. These can influence the 
nucleation and growth of the film, surface contamination and surface topography of the 
film, crystallographic orientation of the film, and internal stresses as a result of lattice 
mismatch [12,19] and thermal expansion mismatch [12,19].  
In addition to having different properties in the as deposited state than their bulk 
counterparts, film properties can also change relatively quickly as a consequence of small 
dimensions and short diffusion pathways. For example, only a small amount of corrosion, 
especially localized corrosion, can change the resistance of a film [5]. Also, considering 
the fact that the effective distances for diffusional transport are comparable with the thin 
film’s thickness, the diffusion of small amount of corrosion products can significantly 
change the composition and therefore the electrical properties of the films [5].  
Very few comparative studies of the thin film and bulk corrosion behavior are 
available in the literature [18,20]. However, these give us insight into the importance of 
studying films even through their bulk counterparts have already been studied extensively 
in published works. Schluter et al. [18] showed that bulk and thin film AZ80 Mg alloys 
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had nearly similar corrosion rates, but the bulk had a higher tendency to localized corrosion 
due to the galvanic coupling effect between β-phase precipitates (Mg17Al12) and the matrix. 
These precipitates were not present in the thin film. In the other study, Li et al. [20] 
compared the corrosion behavior of sputtered steel thin films with that of bulk steel with 
the aim of employing these thin films as electrical resistance sensors for corrosion 
monitoring. Their results showed the same order of magnitude for polarization resistance 
(RP) of bulk and thin film samples. A linear relationship with a slope of 1.09 and correlation 
coefficient of 0.998 was found between the corrosion rates of bulk vs. thin film steel [20]. 
All in all, the corrosion rate seems to remain unchanged in transition between bulk and thin 
film. To the best of our knowledge, such a comparative study between the bulk and thin 
film was not found for Ti and TiN in the literature. 
 
1.3. Corrosion Failure Mechanisms within Microelectronics 
 Studies show susceptible metallic structures (bonding pads, leads, interconnects, 
and electrical contacts to semiconductors), diffusion of corrosive ionic contaminants and/or 
moisture to films are key concerns [3, 22, 23]. Since electrical and magnetic properties are 
primary criteria for material selection for microelectronic applications, such methods as 
alloying for corrosion resistance improvement are not frequently implemented [3]. 
Therefore, corrosion prevention measures during fabrication and assembly become very 
important.  
 Ionic contaminants that are introduced to the device during both fabrication and 
usage [3] can increase leakage current across the surface of thin film insulators, prevent 
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bonds between active surfaces of IC and the encapsulating polymer, destroy the passive 
oxide layer on anodic metallization, change pH locally, and form dendritic structures that 
cause short circuit between interconnects [21]. Some cases of exposure to corrosive species 
during fabrication that leaves residues on the surface are reviewed here. Chloride 
containing gases in the plasma for reactive ion etching of Al patterns can lead to the 
formation of hygroscopic AlCl3, which will later absorb moisture and form HCl [3,23]. 
This acid is known to prevent the formation of a protective oxide layer on metallization 
[3,21,23]. In the case of Al-Cu metallization, etching leads to the formation of residues rich 
in Cu, which can accelerate the localized corrosion of Al [23]. Another case has to do with 
very fine airborne particles that cannot be filtered during manufacturing in clean rooms. 
Some of these particles, for instance, contain SO42- and NH4+ ions [3,24]. Lobnig et al. [24] 
investigated the effect of fine particles of ammonium sulfate on the corrosion of copper in 
air. They showed that at a critical relative humidity of 75% at 100 °C, water is absorbed by 
ammonium sulfate particles, forming a solution that locally dissolves Cu. Given the small 
dimensions of Cu lines in microelectronics, localized pitting corrosion can occur even with 
a single fine particle of ammonium sulfate above a critical relative humidity [24]. Bromine 
compounds in the fire-retardants of polymeric encapsulants or phosphorus in most glasses 
used for hermetic packaging can be leached out when moisture is absorbed [3,21]. These 
ions can produce corrosive compounds such as bromide salts and phosphoric acid on the 
active surfaces [3,21]. 
Since corrosion is a major reliability concern for many applications, several 
techniques have been developed to quantify corrosion. The techniques that are employed 
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to study the electrochemical behavior of thin films include open circuit potential (OCP), 
linear polarization resistance (LPR), cyclic potentiodynamic polarization (CPP), Mott-
Schottky, electrochemical impedance spectroscopy (EIS). The description of each 
technique is the focus of the following section. 
 
1.4. Overview of the Electrochemical Tests Used for Thin Film Studies 
1.4.1. Open Circuit Potential 
The open circuit potential is the equilibrium potential of the material in an 
electrolyte. At this potential, different electrochemical reactions take constant rates. OCP 
is typically measured by a potentiostat with respect to a reference electrode that has a 
constant potential [25–28]. An example of an OCP data result is shown in Fig. 1.1.  
 
Fig. 1.1: Typical OCP data. It shows the influence of substrate biasing during deposition 
of Ti/TiN multilayers on its OCP behavior. Reproduced without permission from [26]. 
 
A stable OCP shows the system has reached the steady state and in Fig. 1.1 this is indicated 
by a null slope. This indicates that the competing electrochemical reactions have taken on 
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constant rates. It is important to perform all the other electrochemical tests after the system 
reaches a stable OCP [29]. In most electrochemical techniques potential is applied with 
respect to OCP, and if OCP changes during the test, it will affect the result. 
 
1.4.2. Linear Polarization Resistance 
This technique has been used by some researchers [20,30,31] to determine polarization 
resistance and corrosion rate of thin films and coatings. Within the potential range of +/- 
10 mV from the measured OCP of the film, a linear relationship between electrode potential 
and current density is typically measured (Fig. 1.2) [1]. The slope of this linear curve gives 
the polarization resistance of the material (Rp) and is typically reported in units of Ohms 
cm2. From this value, researchers can calculate a charge transfer resistance. If the kinetic 
parameters of the system are known, the corrosion rate (icorr) can be calculated by: 
𝑖𝑖𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 =
𝛽𝛽𝑎𝑎𝛽𝛽𝑐𝑐
2.3�∆𝐸𝐸∆𝑖𝑖�(𝛽𝛽𝑎𝑎+𝛽𝛽𝑐𝑐)
                                                 (Eq. 1-1) 
where βa and βc are anodic and cathodic Tafel slopes of the system respectively [1].  
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Fig. 1.2: Potentiodynamic polarization curve for 430 stainless steel in deaerated 1 N 
sulfuric acid. Reproduced without permission from [32]. 
 
1.4.3. Cyclic Potentiodynamic Polarization 
In materials with active-passive behavior, cyclic potentiodynamic polarization 
technique can be used to determine the relative resistance of materials to localized 
corrosion, especially pitting corrosion. The pitting potential (Epit) is defined as the potential 
at which a noticeable increase in the anodic current density is observed on the forward scan 
of CPP curve (Fig. 1.3). A positive current hysteresis on the reverse scan typically shows 
that some or all pits continue to grow. The protection potential (Eprot) is defined where the 
reverse scan intersects the forward scan in the passive region (Fig. 1.3). At this potential 
repassivation is complete. 
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Fig. 1.3: Schematic of a cyclic potentiodynamic polarization curve, showing pitting and 
protection potentials. Reproduced without permission from [33]. 
 
 
 
1.4.4. Mott-Schottky 
Mott-Schottky is a capacitance measurement approach for studying the electronic 
structure and semiconducting properties of oxide and passive films. The Mott-Schottky 
equation is given by:  
1
𝐶𝐶2
= 2
ε𝜀𝜀0𝑒𝑒𝑁𝑁𝑑𝑑
(𝐸𝐸 − 𝐸𝐸𝐹𝐹𝐹𝐹 −
𝑘𝑘𝑘𝑘
𝑒𝑒
)                                                   (Eq. 1-2) 
where C is the measured capacitance, ε is the dielectric constant of the oxide film, ε0 is the 
permittivity of vacuum, e is the electron charge, Nd is the donor density, E is the potential 
of the working electrode, EFB is the flat-band potential, k is the Boltzmann constant, and T 
is the absolute temperature [34,35]. If the dielectric constant of the oxide film is known or 
determined, donor density can be obtained from the slope of the linear region on Mott-
Schottky plot (C-2 vs. E). The extrapolation of the linear part to C-2 = 0 is used to calculate 
flat-band potential, which is defined in the following paragraph. 
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 Different electron affinity in the solution and the surface layer results in 
charge transfer [36]. This causes excess charge in the semiconductive layer. Unlike metals, 
the excess charge is not distributed on the surface of a semiconductor. Instead, it forms a 
space charge layer. The presence of a space charge layer results in the bending of the 
conductive and valance bands due to the effect of an electric field. Flat-band potential is a 
potential at which the affinity of electron is the same in both electrolyte and the surface. 
Therefore, the valance and conductive bands remain flat [36].  
Sometimes two linear parts exist on Mott-Schottky plots (Fig. 1. 4). Van de Krol et 
al. [35] attributed this change in slope to the extension of the depletion layer to the 
substrate. The thickness of the depletion layer, LD, is given by:  
𝐿𝐿𝐷𝐷 =  �
2𝜀𝜀0𝜀𝜀𝑟𝑟
𝑒𝑒𝑁𝑁𝐷𝐷
�
1
2� �𝐸𝐸 − 𝐸𝐸𝐹𝐹𝐹𝐹 −
𝑘𝑘𝑘𝑘
𝑒𝑒
�
1
2�                                      (Eq. 1-3) 
where other parameters were defined previously for Eq. 1-2 [35]. At the potential of slope 
change in Fig. 1.4, LD is equal to the thickness of the oxide layer. This can be used to 
determine the dielectric constant of an oxide layer with a known thickness [35].  
 
Fig. 1.4: Mott-Schottky plots at 10 kHz for TiO2 with three thicknesses on ITO substrate. 
Reproduced without permission from [35]. 
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It has been reported that the order of donor density depends on the formation 
method of the oxide film [34]. While TiO2 films prepared by reactive sputtering using 
O2/Ar mixtures show donor densities in the order of 1017 cm-3, TiO2 films prepared by ion 
beam assisted sputtering have donor densities in the range of 1015 cm-3. For thermally 
prepared films, depending on the formation temperature, donor density could change in the 
range of 1016-1018 cm-3. Finally, for anodic and native passive TiO2 films values in the 
range of 1018 - 1020 cm-3 are expected [34,37–39]. 
Between native and anodic titanium oxide layers, most studies have been devoted 
to the anodically grown oxide layer. In most environments the anodic oxide is an N-type 
semiconductive TiO2 [37–41]. It can be a mixture of oxides (TiO2, Ti2O3, and TiO) with 
oxygen content decreasing toward the metal/oxide interface [40]. In some environments a 
hydrated surface layer might exist [40]. Oxygen vacancies and/or Ti3+ interstitials are donor 
species [37,38,40]. The dominant donor species has a lower formation energy, and this 
depends on temperature and the partial pressure of oxygen. The oxide growth rate is 
controlled by lattice diffusion of oxygen vacancies and Ti interstitials [37,38,40].   
 
1.4.5. Electrochemical Impedance Spectroscopy 
EIS has been used to investigate the passive layer and to determine the corrosion 
protection level of coatings. In this technique, a sinusoidal potential of 5-10 mV amplitude 
is applied around the measured OCP in a range of frequencies. As shown in Fig. 1.5, the 
sinusoidal current response will have the same frequency but a phase shift (ϕ). The phase 
shift is a function of frequency because different surface processes absorb electrical energy 
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at distinct frequencies, leading to a phase angle (ϕ) between applied potential and current 
response [32]. The frequency-dependent impedance, Z, of the system is determined from: 
𝑍𝑍 = 𝐸𝐸𝑡𝑡
𝐼𝐼𝑡𝑡
= 𝑍𝑍0
sin(2𝜋𝜋𝜋𝜋𝜋𝜋)
sin(2𝜋𝜋𝜋𝜋𝜋𝜋+𝜑𝜑)
                                              (Eq. 1-4) 
where f is the applied frequency, t is time, Z0 is the magnitude of the impedance, and φ is 
the phase shift of the impedance [42].  
 
Fig. 1.5: Current response to an applied sinusoidal voltage. Figure shows the time lag 
between the current response and the applied potential. Reproduced without permission 
from [32]. 
 
The real (Z’) and imaginary (Z”) components of the impedance are used to 
construct Nyquist plot (-Z” vs. Z’) and Bode plots. There are two types of Bode plots, the 
impedance and phase, that can help researchers understand the electrochemical 
performance. Bode impedance is the plot of log |Z| vs. log (ω)and Bode phase is the plot 
of φ vs. log (ω) [32,42]. These plots are schematically represented in Fig. 1.6. Equivalent 
electric circuits are used to simulate the surface processes [32]. Values are assigned to the 
circuit elements based on fitting the experimental data. For example, the Nyquist and Bode 
plots of Fig. 1.6 belongs to a system that is simulated by Randle circuit in Fig. 1.7.  
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Fig. 1.6: Schematic representation of (a) Nyquist plot and (b) impedance and phase Bode 
plots. At very high and very low frequencies the system shows an ohmic resistance 
behavior. Reproduced without permission from [32]. 
 
 
Fig. 1.7: Randle circuit for simulating the surface of working electrode by a double layer 
capacitance (C) in parallel with a polarization resistance (Rp) The ohmic resistance of the 
solution (RΩ) is in series with the surface of the electrode. Reproduced without permission 
from [32].  
 
1.4.6. Zero Resistance Ammetery 
Spontaneous current fluctuations occur between two dissimilar electrodes or two 
identical electrodes with different microstructures. This is called electrochemical current 
noise (ECN) and is resulted by galvanic activity between the two electrodes [43]. Zero 
resistance ammeter is employed to measure ECN. It connects the two working electrodes, 
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and current flows to maintain a zero difference between the potentials of the two electrodes 
[43]. The connection that is typically used for the counter electrode in a three-electrode cell 
setup is going to be used for the more noble electrode in ZRA test.  
 
1.5. Focus of this Thesis 
The focus of most research on the electrochemical behavior of Ti has been on the 
bulk material. In thin film form, however, different structure, morphology, and 
thermodynamics compared to bulk could lead to different electrochemical response. As for 
the electrolyte, the emphasis of literature has been on how (if) the type and concentration 
of halide ions affect the passive behavior of bulk Ti [40,44]. The effect of the pH of 
electrolyte has been mainly studied in the acidic range (Table 1.1). In most studies, the 
application dictated the use in acidic range. Table 1.1 shows that most of these studies were 
for application in bio systems. However, for example, Ti and TiN can be implemented in 
the ICs of micro-sensors that are exposed to highly alkaline environments. This proves the 
need for a fundamental study on the electrochemical performance of Ti and TiN thin films 
in acidic to alkaline range of pH.  
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Table 1.1: Electrolytes and pH ranges used in the studies on the electrochemical 
performance of bulk Ti. 
Ref. Sample Electrolyte pH range 
Method 
to 
change 
pH 
Goal/application Result 
[37] Cp Ti 
(grade 2) 
(NaCl 135.1 
mM, KCl 4.61 
mM, CaCl2 
4.31 mM) 
2.1, 
5.2, 
7.4 
1 M HCl 
or 1 M 
NaOH 
addition 
Implants undergo 
severe pH change 
under chloride 
environments 
Lower donor density, 
diffusivity, & growth 
rate of oxide layer in 
neutral pH.  
[45] Ti-15Zr-5 
Nb & Ti 
(grade 1) 
Ringer 
Solution pH = 
7.58 
3.21, 
7.58, 
8.91 
HCl or 
KOH 
addition 
Implant 
application (pH 
from acid to 
alkaline) 
Best corrosion 
resistance at pH=7.58 
[38] Ti (grade 
2, purity 
99.6%) 
0.1 M Na2SO4 0.17 – 
5.26 
H2SO4 
addition  
Study passivity 
of Ti in acidic 
solutions 
Donor density decreases 
and oxide thickness 
increases exponentially 
with increase in pH.  
[46] Ti (grade 
2) 
McIlvain 
buffer 
2, 4, 5 Different 
ratios of 
0.1 M 
citric 
acid & 
0.2 M 
Na2PO4  
Simulating a 
variety of 
conditions in 
living organisms 
Lower flatband 
potential of the oxide 
layer for higher pH 
buffer 
[47] Ti 
(impurity: 
0.023% C, 
0.25% Fe, 
0.01%N2, 
0.005% 
H2, 0.2% 
O2) 
1 N H2SO4 
(with or 
without Cl- by 
adding NaCl) 
0.25 - 
2 
20 N 
NaOH 
addition 
Studying the 
Passivation 
behaviour 
No significant 
dependence of corrosion 
potential on pH. Active 
corrosion current 
decreased with increase 
in pH. Passivation 
parameters changed 
with pH but not with Cl- 
concentration 
 
Most of corrosion and electrochemical studies on Ti and TiN have been devoted to 
single time measurements after the free potential of the sample gets stable. On the other 
hand, some researchers have looked at the changes in the oxide layer over time. Effah et 
al. [48] passivated commercially pure, grade 1 Ti and monitored the changes in the 
structure and morphology of the oxide film using TEM up to four weeks of immersion in 
simulated physiological fluids. Their results showed immersion-induced grain growth. 
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They observed a grain growth from grain size of less than 0.1 µm before immersion to a 
grain size of about 0.2 µm after four weeks of immersion [48]. Therefore, there is a need 
to see how these structural and morphological changes in the oxide layer affect the 
corrosion behavior over time. 
Three-dimensional stacking of components in integrated circuits have led to large 
interfacial areas between dissimilar materials, which could trigger failure mechanisms of 
microelectronic devices due to galvanic and/or interfacial corrosion. It is known that 
interface influences the electronic structure and conductivity of the material, which are 
directly related to the electrochemical performance of the material. However, the effect of 
interface on macroscale corrosion behavior required further investigation.  
 
1.5.1. Research Intent 
To cover the above-mentioned gaps in the existing knowledge of Ti and TiN thin 
films, a comparative study on the electrochemical behavior of monolithic Ti and TiN, 
electrically coupled Ti/TiN, and layered Ti/TiN thin films was performed. The following 
questions were addressed: 
(1) How does the electrochemical behavior of monolithic Ti and TiN thin films 
alter in electrolytes with varying pH values?  
(2) How does time alter the long term electrochemical behavior of the films? 
(3) Is the electrochemical behavior of electrically coupled Ti and TiN layers 
significantly different from the electrochemical behavior of its constituents? 
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(4) Do macroscale electrochemical measurements show a significant difference 
between the behavior of Ti/TiN bilayers and nanolaminates with that of 
electrically coupled films?  
It should be noted that Ti monolithic layers deposited in this study are expected to have a 
native oxide. This oxide would be in contact with the electrolyte and therefore the reader 
should note that references to Ti corrosion performance are the performance of Ti films 
with an oxide.  
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 CHAPTER TWO 
 
ELECTROCHEMICAL DESIGN TO CHARACTERIZE THE ELECTROCHEMICAL 
PERFORMANCE OF ELECTRICALLY COUPLED AND UNCOUPLED FILM 
SYSTEM 
 
These films are often prepared by plasma sputtering and plasma-assisted chemical 
vapor deposition techniques. Improvement in thin film deposition and etching techniques 
has a key reason for the fast evolution of various thin film deposition technologies [1]. 
Advances have included transitioning deposition methods include alloys in addition to pure 
metals, depositing new dielectric materials as thin films and continuing to decrease feature 
sizes using plasma-processing [2]. Studies have shown that processing parameters, 
including power, base pressure, working pressure, and substrate temperature can influence 
grain size [3], surface roughness [3], residual stress [4], degree of crystallinity [5], and 
preferred orientation [3] of thin films that are prepared by sputtering deposition. These 
properties are very important for reliability of thin films in microelectronic applications 
[4]. Researchers have shown surface roughness [6–8], residual stress [9], and preferred 
orientation [10,11] can affect corrosion behavior of thin films. Also, considering that grain 
boundaries possess the highest diffusion rate among defects, microstructure plays a key 
role in the diffusion barrier performance of thin films for microelectronic applications [12]. 
The poorest diffusion barrier performance is exhibited by polycrystalline thin films with 
grain size on the order of film thickness or films with columnar grains [12]. In this chapter, 
we will introduce sputtering deposition processes. We will also highlight the research 
methodology for fabrication and characterization of the films. The electrochemical 
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techniques were introduced in Chapter 1, Section 4. The testing parameters used for each 
technique will be explained in this chapter.  
 
2.1. Thin Film Deposition through Sputtering Methods 
Sputtering is a physical deposition process in which energetic ions collide with the 
surface atoms of a solid, and as a result, these surface atoms are sputtered [13]. Sputtering 
techniques often utilized to fabricate IC and MEMS devices include direct current (D.C.) 
diode sputtering, radio frequency (R.F.) diode sputtering, magnetron diode sputtering, and 
ion beam sputtering[13]. D.C. diode sputtering is considered the simplest one and consists 
of two planar electrodes. The target covers the front surface of the cathode and the substrate 
is placed on anode, which can be biased or grounded [14]. Ar at 1-5 Pa is typically used as 
the sputtering gas in the chamber. D.C. voltage is applied between the electrodes to 
maintain a glow discharge in which Ar+ ions are generated and accelerated toward the 
cathode target [13,14]. These ions remove target atoms, resulting in the thin film deposition 
of target on the substrate. The most important parameters are input power, substrate 
temperature, and working pressure [14]. Fig. 2.1 shows how substrate temperature (Ts) and 
the rate of deposition (Rgr) influence the dominant growth mode [2,15]. 
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Fig. 2.1: Parameters controlling the microstructure of films grown by PVD. Figure shows 
amorphous films can be grown at high deposition rates and low temperatures Reproduced 
without permission from [15].  
 
In our study, monolithic Ti and TiN thin films as well as Ti/TiN (100 nm / 100 nm) 
bilayers and nanolaminates were deposited on Si wafers using Edwards ESM 100 DC 
magnetron sputtering system. The deposition procedure and parameters (Table 2.1) were 
identified based on a prior work in the Kennedy research group [16]. For these parameters, 
Schultz et al. [16] have reported (002) and (111) as the dominant orientation in monolithic 
Ti and monolithic TiN respectively. TEM images of their work showed nanocrystalline 
grains for Ti and columnar grains for TiN in the nanolaminate system. 
Table 2.1: Deposition parameters used for thin film fabrication [16] 
 
Film on 
(100) Si 
Thickness 
(nm) Deposition Parameters 
  Power (Watts) 
Working 
distance 
Base 
Pressure 
(Torr) 
Working 
Pressure 
(mTorr) 
N2:Ar 
Flow 
Ratio 
Ti 100 100 ~ 1˝ 5 × 10-6 5 ± 0.2 __ 
TiN 100 100 ~ 1˝ 5 × 10-6 5 ± 0.2 1: 1.5 
Ti/TiN 
Bilayer 
200 
(100/100) 100 ~ 1˝ 5 × 10
-6 5 ± 0.2 1: 1.5 
Ti/TiN 
Bilayer 
1000 
(100/100) 100 ~ 1˝ 5 × 10
-6 5 ± 0.2 1: 1.5 
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2.2. Structure and Morphology Characterization 
Surface roughness is an important parameter in electrochemical studies since it 
affects the actual surface that is exposed to the electrolyte. Researchers have reported 
increased corrosion rates and pitting due to higher surface roughness [6–8]. Atomic force 
microscopy (AFM) was employed to find the average surface roughness and grain size of 
the as-deposited monolithic and bilayer films.  
Thin films are known to be highly textured and show preferential orientation [3,17]. 
The formation of texture has to do with decreasing the surface energy of the film. In this 
study, the X-ray diffraction (XRD) patterns were obtained and used to find the 
crystallographic orientation of the as-deposited monolithic and bilayer thin films. The most 
intensive XRD peaks have been reported in the range of 35°-60° for both Ti and TiN. 
Therefore, XRD was performed in this with 0.01° step angle and a dwell time of 10 s per 
step. 
 
2.3. Electrochemical Tests 
 2.3.1. Electrochemical Cell Set-up 
Three-electrode cell setup is widely used in electrochemical studies of thin films 
[18,19] and bulk materials [20]. In this setup, a saturated calomel electrode (SCE) and Pt 
mesh were used as the reference electrode (RE) and counter electrode (CE) respectively. 
A Bio-logic SP-200 potentiostat was employed to run electrochemical tests at room 
temperature. In each cell, four replicates were used. For each replicate, an area of about 1 
cm2 of the thin film was exposed to each electrolyte by coating the remaining surface of 
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the film and the silicon wafer on the edges and at the back with an UV-cured epoxy. 
Although the current is divided by the surface area to obtain current density, surface area 
was kept almost constant to avoid its influence on the probability of pit formation. This is 
especially because pits are initiated from the perimeters of the epoxy coating, and the 
circumference and area do not change with the same ratio. In the case of galvanic couples, 
the relative surface area of Ti and TiN affects the galvanic corrosion rate, and therefore it 
is important to keep the area constant among the replicates. Fig. 2.2 shows a schematic 
representation of the cell setup.  
 
Fig. 2.2: Schematic of the electrochemical test set-up. The image of the potentiostat on the 
right was reproduced without permission from [21], and the image of the cable connected 
to the potentiostat was reproduced without permission from [22]. 
 
Chloride ion can induce localized corrosion of materials with active-passive 
behavior like Ti. Therefore, in this research the concentration of chloride ion was kept 
constant (3 wt. %) in all three types of electrolytes. Based on the Pourbaix diagram for pure 
Ti, shown in Fig. 2.3, pH values of 2, 7, and 13 were selected because thermodynamics 
predicts different behavior at these pH values within the expected range of OCP for Ti and 
TiN. Based on the Pourbaix diagram, Ti can corrode at pH = 2, while TiO2 forms on the 
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surface at pH = 7 and pH = 13. However, it should be pointed out that Pourbaix diagram 
does not consider the influence of chloride ion as well as the possibly different 
thermodynamics of Ti thin film than the bulk. To obtain the acidic and basic pH values, 30 
wt% HCl (0.1 N) and 0.5 wt. % NaOH were mixed with distilled water respectively prior 
to the addition of NaCl. In the case of HCl addition, the amount of chloride ion it added to 
the solution was taken into account.  
 
Fig. 2.3: Potential-pH (Pourbaix) diagram for Ti. Reproduced without permission from 
[23]. The original image was overlayed with the blue area for OCP range of interest and 
the red lines at the pH values of interest. 
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The description of the electrochemical tests was given in Chapter 1. The selected 
testing parameters used in this study are as follows: 
 
2.3.2. Electrochemical Tests Parameters 
In our study, OCP of all the systems was measured with respect to a reference 
electrode. Initial measurements were performed twice a day. The frequency of 
measurement decreased as the changes in OCP values decreased with time. 
 LPR was performed by applying a potential range of -/+10 mV with respect to OCP 
and with a scan rate of 10 mV/min. However, due to the scatter in data in potentiodynamic 
linear polarization method, potentiostatic method was used alternatively. In this method, 
as Fig. 2.4 shows, a constant potential of -10 mV was first applied for about a minute and 
current was recorded. Then, a constant voltage of +10 mV was applied for about a minute 
and current was recorded. The difference between these two currents was used to calculate 
Rp using Ohm’s law. 
 
Fig. 2.4: Schematic representation of the potensiostatic polarization resistance 
measurement. Reproduced without permission from [20]. Potential values were changed 
from 20 on the original image to 10 on this image to conform with the testing parameters 
of this study.  
 
 33 
 In order to run CPP, one replicate at each condition was scanned with 0.5 mV/s 
from -0.3 V vs. OCP to +2 V vs. Ref. in the forward scan. Then, the potential was reversed 
back to -0.3 V vs. OCP with the same scan rate. The initial potential (-0.3 V) was selected 
with respect to OCP to make sure that the cathodic reaction would be captured. The end 
potential in the forward scan (+2 V) was chosen with respect to the reference electrode to 
make sure that all the samples would go up to the same potential before the reverse scan 
started.  
Mott-Schottky and EIS were employed to study the semiconductive properties of 
the oxide layer on the surface of films,. Mott-Schottky test was performed from -1V to +1V 
vs. SCE with 25 mV potential steps. At each potential step, a sinusoidal potential wave of 
10 mV amplitude was applied within the frequency range of 200 - 1 KHz. In this range, 
data was gathered at a total number of 14 frequencies. Data at the frequency of 11.5 kHz 
was used for analysis. To perform EIS, a sinusoidal potential wave of 10 mV amplitude 
with respect to the OCP was applied in the frequency range of 2 MHz to 1 mHz. Nyquist 
and Bode plots were obtained and used for fitting equivalent electric circuit and finding the 
corresponding values of the circuit elements for the circuit that best fits the experimental 
data. Although lower frequencies were required to get more complete Nyquist and Bode 
plots, going to those low frequencies was avoided because it required about a week or more 
for each test.  
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CHAPTER THREE 
 
ELECTROCHEMICAL BEHAVIOR OF Ti AND TiN FILMS 
 
 
This research study uses Ti and TiN deposited onto Si wafers as model systems to 
understand corrosion within microelectronics. In Chapter 1, the incorporation of both Ti 
and TiN thin films into microelectronic devices was highlighted. Ti and TiN thin films 
have found applications as adhesion layers and barrier layers for the metallization. They 
are also implemented as electrode material in field-effect transistors and Si-based micro-
supercapacitors. As mentioned in Chapter 1, however, their barrier properties must be 
improved before being incorporated into ultra large scale integrated circuits with Cu 
metallization.  This chapter will begin with overviewing some of the research attempts to 
improve the barrier properties of Ti /TiN films. Then, we will discuss our findings on the 
physical and electrochemical properties of sputter deposited Ti and TiN films. 
 
3.1. Introduction to the Use of Ti and TiN Thin Films within Microelectronics 
In Ti/TiN barrier films, TiN acts as barrier layer and Ti provides contact with Si 
substrate. When used with Al metallization, it has been shown that if the TiN layer is 
exposed to atmosphere before the deposition of Al alloy, it can better prevent the diffusion 
of Al alloy into the Si substrate [1]. Additionally, Sekiguchi et al. [2] showed that the 
deposition of an additional layer of Ti or TiN on top of the exposed TiN layer could 
improve the formation of Al with (111) preferential orientation, which in turn increases the 
electromigration lifetime [2]. 
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Diffusion barrier properties of layered configurations of Ti/TiN have also been 
studied for application in Cu metallization [3]. Chen et al. [3] deposited three types of 
films: (1) amorphous Ti/amorphous TiN with 300 Å thick layers (2) 600 Å thick 
amorphous TiN, and (3) crystalline Ti/amorphous TiN with 300 Å thick layers using ion 
beam assisted deposition (IBAD) technique. The highest thermal stability was observed in 
amorphous Ti/ amorphous TiN system, and the lowest thermal stability was found for 
crystalline Ti/amorphous TiN system. The latter was attributed to the fact that in crystalline 
Ti with (010) preferential orientation, grain boundaries provided facilitated paths for the 
diffusion of Cu compared to the case of a direct interface between Cu and amorphous TiN 
[3]. It was noted that both Ti and TiN possess better thermal stability in amorphous form 
since grain boundaries are the major source of barrier failure in polycrystalline materials 
[3]. 
Although Ti and TiN thin films are usually prepared by PVD methods, for 
applications in complex interconnects with sub-micron sizes, CVD techniques offer higher 
capability for conformal film growth [4,5]. Liu et al. [5] used a CVD method to create 
multistacked TiN/Ti films with different number of layers and compared them with a single 
layer TiN (with the same total thickness). They showed that multistacked films with higher 
number of layers had better diffusion barrier properties for Al metallization [5]. 
 
3.2. Results and Discussions 
This section covers the results obtained for physical and electrochemical behavior of 
monolithic Ti and TiN thin films. It should be noted that Ti monolithic layers deposited in 
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this study are expected to have a native oxide. This oxide would be in contact with the 
electrolyte and therefore the reader should note that references to Ti corrosion performance 
are the performance of Ti films with an oxide.  
 
3.2.1. Structure and Morphology Characterization 
AFM micrographs of 100 nm Ti and TiN monolithic films are depicted in Fig. 3. 1. 
The average grain size of monolithic Ti and TiN films was about 54 nm and 28 nm 
respectively. Surface roughness in RMS was 2.88 nm and 4.04 nm for Ti and TiN 
respectively. This means that surface roughness did not cause any difference in the 
corrosion performance between Ti and TiN films. The difference in grain sizes between 
these two materials cannot be directly related to the difference in their electrochemical 
performance. 
       
Fig. 3.1: AFM micrographs for (a) 100 nm Ti and (b) 100 nm TiN monolithic thin films. 
Images show larger grain size for Ti compared to TiN. 
 
(a) (b) 
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XRD patterns of Ti and TiN monolithic films are shown in Fig. 3. 2. The vertical 
lines show the position of peaks for Ti and TiN from database. For Ti, the peaks from both 
HCP and cubic are included. This is because of previous research findings on the HCP to 
f.c.c. transformation in thin films of Ti [6,7]. In TiN thin film, (111) was the dominant 
orientation, in accordance with the previous study by Schultz et al. [8]. In Ti thin film, the 
dominant orientation could be a mixture of (002) planes of HCP crystals and (110) planes 
of cubic crystals. The XRD pattern of both Ti and TiN showed peaks at 42° and 44°. These 
peaks were assigned to Anatase titanium dioxide, which was in accordance with some 
previous reports [9]. 
 
    
Fig. 3.2: XRD pattern for 100 nm Ti shows the dominant peak around 38° which could 
belong to HCP (002) and/or cubic (110). XRD pattern for 100 nm TiN shows the dominant 
peak around 37° corresponding to cubic (111). Peaks for anatase TiO2 appear in both 
patterns. 
 
 
 
 
 41 
3.2.2. Open Circuit Potential 
First, the influence of replicate’s location was examined by monitoring the OCP of 
four replicates across a wafer with 100 nm Ti deposited thin film. This was performed to 
confirm that Ti was deposited uniformly on the wafer. The location of the replicates on the 
wafer are schematically represented in Fig. 3.3. The OCP of these replicates vs. time are 
shown in Fig. 3.4. No correlation was found between the position and OCP. The potential 
fluctuation in R3 could be due to the transient breakdown and repair of the passive layer. 
Measurement on R2 is shown only up to 90 h due to the technical problem in the port for 
that replicate. After a Ti sample was verified for the uniformity of its replicates, fabrication 
of monolithic Ti and TiN samples started. Each sample produced 12 replicates, four of 
which were used in each electrolyte.  
 
 
Fig. 3.3: The schematic representation of the location of replicates on a (100) Si wafer. 
OCP of these replicates was monitored to examine the influence of location on 
electrochemical results. 
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Fig. 3.4: OCP vs. time for 100 nm Ti replicates. The position of these replicates on the 
wafer was shown in Fig. 3.3. At each time, the differences among replicates are less than 
50 mV, showing relatively uniform behavior across the wafer. 
 
In order to further investigate the fluctuations in the OCP of R3 in Fig. 3.4, CPP 
was performed on R1 and R3. Then, AFM micrographs were obtained for both R1 and R3 
after CPP testing to see if significant sign of pitting can be observed on the surfaces of 
these two replicates. Fig. 3.5 shows the micrographs of these two replicates. The average 
grain size of both replicates was about 33 nm, and surface roughness in RMS was 4.65 nm 
and 3.1 nm for R1 and R3 respectively. This suggested uniform morphology across the 
deposited wafer.  
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Fig. 3.5- AFM micrographs for 100 nm Ti, R1 and R3 replicates, after CPP testing after 
21 days of immersion in neutral electrolyte. These images show relatively uniform 
roughness and grain size across the deposited wafer. 
 
The measured OCP of monolithic Ti and TiN thin films vs. time, shown in Fig. 3.6, 
indicated that the difference between Ti and TiN in neutral and basic electrolytes laid 
within the scatter in data. However, TiN replicates overall showed more positive potentials 
in the acidic cell compared to Ti replicates. Fig. 3.6 also revealed that both Ti and TiN had 
more negative potentials in basic electrolyte. This could result from the formation of a 
hydroxide layer in the basic electrolyte. Most of the replicates reached a stable plateau after 
about one month except for TiN replicates in basic electrolyte, which became unstable after 
about 40 days of immersion. This was observed through the fluctuations in OCP values. 
R1 R3 
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Fig. 3.6: OCP vs. time for Ti and TiN replicates in neutral, acidic, and basic electrolyte. 
Figure shows more positive potentials for TiN replicates compared to Ti replicates in the 
acidic cell. It also shows more negative potentials for both Ti and TiN replicates in the 
basic electrolyte. 
 
3.2.3. Linear Polarization Resistance 
The calculated polarization resistance (RP) of the replicates are depicted in Fig. 3.7. 
As can be seen, the difference between RP values of Ti and TiN replicates were within data 
dispersion in neutral and basic electrolytes. However, TiN replicates on average showed 
an order of magnitude higher Rp compared to Ti replicates in acidic electrolyte after about 
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50 days. These results were consistent with OCP data. The origin of this difference could 
be related to the difference in the composition and compactness of the oxide layer that 
forms on the surface. This needs to be further studied by TEM. 
  
 
Fig. 3.7: Rp vs. time for Ti and TiN in neutral, acidic, and basic electrolyte. TiN shows 
higher polarization resistance compared to Ti in acidic cell after about 50 days of exposure. 
In neutral and basic cells, the differences are within the scatter in data. 
 
3.2.4. Cyclic Potentiodynamic Polarization 
100 nm Ti replicates R1 & R3, shown in Fig. 3. 3, were selected for CPP testing 
after their OCP was monitored for about 20 days. The CPP curves in Fig. 3. 8 showed very 
similar behavior of both replicates. Corrosion potential was -0.326 V and -0.262 V for R1 
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and R3 respectively. Corrosion current density was about 3.6E-9 and 2.5E-9 A/cm2 for R1 
and R3 respectively. The noticeable difference between the two was the more positive 
corrosion potential in the reverse scan for R1, and therefore a higher difference between 
corrosion potentials in forward and reverse scans for this replicate. This might show a more 
protective oxide layer on R1 compared to R3. This could also be the reason why the 
fluctuation in OCP that was observed for R3 did not happen for Ti  
 
Fig. 3.8: CPP plots of Ti replicates R1 and R3 (shown in Fig. 3. 3) after 20 days of 
immersion in neutral electrolyte. Very similar behavior is observed for both replicates, 
which confirms uniformity across the deposited wafer.  
 
Returning to the discussion on comparison between Ti and TiN, CPP was 
performed repeatedly on one replicate in each cell to examine the susceptibility to localized 
corrosion, especially pitting corrosion, over time. Fig. 3.9 shows the CPP curves of the 
replicates after two (2) and 64 days of exposure to each electrolyte. The critical current 
densities of Ti and TiN are in the same order of magnitude in all three cells after two (2) 
days of immersion. However, bigger negative hystereses for TiN replicates as well as their 
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higher corrosion potential in the reverse scan could be indicative of a more protective 
passive layer on TiN compared to Ti. After 64 days, the highest critical current densities 
for both Ti and TiN were observed in the basic cell. This could be due to the formation of 
a hydroxide layer in the basic electrolyte, and the less resistance of this layer. Also, TiN 
showed lower critical current densities compared to Ti in all electrolytes. Lower critical 
current density generally means a better passive behavior.  
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 Fig. 3.9: CPP plots of Ti and TiN in neutral, acidic, and basic electrolytes after two (2) 
days and 64 days. TiN shows a better passive behavior in the reverse scan after two (2) 
days. It also shows lower critical current densities after 64 days compared to Ti. 
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It should be noted that the negative hysteresis in CPP curves indicated resistance to 
localized corrosion. In order to examine the influence of the concentration of Cl ion on the 
resistance to localized corrosion, a Ti sample was immersed in a highly alkaline solution 
(pH > 13) with 20 wt. % NaCl. CPP test was performed on this sample over time, and the 
results are presented in Fig. 3. 10. The negative hysteresis on CPP curves in Fig. 3. 10 
suggested that the concentration of Cl ion was still not enough for the breakage of the 
passive layer. This requires further study to determine the concentration that could cause 
localized corrosion. 
 
Fig. 3.10: CPP plots of a Ti sample tested at different times in a highly alkaline solution 
(pH > 13) with 20 wt.% NaCl. These plots all show negative hysteresis and resistance to 
pitting corrosion. 
 
3.2.5. Mott-Schottky Analysis 
Mott-Schottky was performed repeatedly on one replicate in each cell to calculate 
donor densities and flat-band potentials over time. These parameters are used to compare 
the semiconductive properties of the oxide layer. Semiconductivity of the oxide layer is 
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directly related to the corrosion activity. Mott-Schottky plots, C-2 vs. the potential of 
working electrode, at the frequency of 11.5 kHz are shown in Fig. 3. 11 (a-h).  
(a) 
Fig. 3.11 (a): Mott-Schottky plots of Ti and TiN replicates in neutral, acidic, and basic 
electrolytes. The positive slopes for Ti in the range of -1 V – 0 V and the positive slopes 
for TiN in +0.5 V – 1 V show n-type semiconductivity. TiN after two (2) days in basic 
electrolyte is the only case with negative slope.  
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(b) 
(c) 
Fig. 3.11 (b-c): Mott-Schottky plots of Ti and TiN replicates in neutral, acidic, and basic 
electrolytes. The positive slopes for Ti in the range of -1 V – 0 V and the positive slopes 
for TiN in +0.5 V – 1 V show n-type semiconductivity. TiN after two (2) days in basic 
electrolyte is the only case with negative slope.  
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(d) 
(e) 
Fig. 3.11 (d-e): Mott-Schottky plots of Ti and TiN replicates in neutral, acidic, and basic 
electrolytes. The positive slopes for Ti in the range of -1 V – 0 V and the positive slopes 
for TiN in +0.5 V – 1 V show n-type semiconductivity. TiN after two (2) days in basic 
electrolyte is the only case with negative slope.  
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(f) 
(g) 
Fig. 3.11 (f-g): Mott-Schottky plots of Ti and TiN replicates in neutral, acidic, and basic 
electrolytes. The positive slopes for Ti in the range of -1 V – 0 V and the positive slopes 
for TiN in +0.5 V – 1 V show n-type semiconductivity. TiN after two (2) days in basic 
electrolyte is the only case with negative slope.  
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(h) 
Fig. 3.11 (h): Mott-Schottky plots of Ti and TiN replicates in neutral, acidic, and basic 
electrolytes. The positive slopes for Ti in the range of -1 V – 0 V and the positive slopes 
for TiN in +0.5 V – 1 V show n-type semiconductivity. TiN after two (2) days in basic 
electrolyte is the only case with negative slope.  
 
The slope of the linear part in the range of -1 V - 0 V [10–12] was used in Ti 
replicates, and the slope of the linear part in the range of 0.5 V - 1 V [13] was used in TiN 
replicates to calculate donor densities according to Eq. 1- 2 in Chapter 1, Section 4. The 
extrapolation of the linear part to C-2 = 0 was used to calculate flat-band potentials. These 
values are listed in Table 3. 1. It should be noted that in all calculations a value of 60 was 
assumed for the dielectric constant of the oxide layer. Depending on the formation 
condition, the values reported for the dielectric constant of TiO2 vary in the range of 50-60 
[10,12,13]. 
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Table 3.1: Donor density and flat band potentials for Ti and TiN monolithic films in 
different electrolytes.  
 
Time 
(day) 
Neutral Acidic Basic 
Ti TiN Ti TiN Ti TiN 
ND 
(1/cm3) 
Eft 
(V) 
ND 
(1/cm3) 
Eft 
(V) 
ND 
(1/cm3) 
Eft 
(V) 
ND 
(1/cm3) 
Eft 
(V) 
ND 
(1/cm3) 
Eft 
(V) 
ND 
(1/cm3) 
Eft 
(V) 
2 4.7E20 -2.3 5E20 -0.8 8.4E20 -0.7 2.9E20 -0.6 2.8E20 -0.6 4E20* 4.5 
17 1.6E20 -1.7 4.8E20 -0.5 7.3E20 -0.7 4.4E20 -1 3.8E19 -6 3.3E19 -0.6 
64 5.1E19 -2 7.5E20 -2.4 4E20 -1.1 3.6E20 -1.7 1.5E17 -1.8 5.9E18 -1 
83 1.2E19 -1.3 4.3E20 -1.2 8.4E21 -0.7 2.5E20 -1.5 1.1E17 -1.2 3.8E16 0.3 
* Negative slope, meaning p-type semi-conductive behavior 
The anodic and native oxide layers on Ti are known to be an n-type semiconductor 
in most environments [14–18]. Nonstoichiometric n-type metal oxides either have 
interstitial cations (Fig. 3.12-a) or oxygen anion vacancies (Fig. 3. 12-b). In both cases, a 
pair of free electrons are required for charge compensation. These electrons account for 
electrical conductivity. 
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Fig. 3.12: N-type behavior of metal oxides with (a) interstitial cations and (b) oxygen anion 
vacancy. Reproduced without permission from [19]. 
 
The native passive film with a thickness of a few nm on Ti contains a high level of 
oxygen vacancies as the main donor cites [12]. The oxygen deficient oxide layer has been 
reported to be TiO1.993-1.996 [17]. The average oxygen molar fraction can be estimated by 
calculation, however, accurate composition determination requires techniques such as XPS 
or EELS. According to Fig. 3. 11, the passive layer on all replicates showed n-type semi-
conductivity in all three electrolytes except for TiN after two days in basic electrolyte. 
Overall, the Mott-Schottky plots of Ti and TiN in basic electrolytes deviated from normal 
(b) 
(a) 
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expected behavior, and this requires further investigation. The dramatic drop in the donor 
density of both Ti and TiN in basic electrolyte could indicate the formation of a less 
conductive and more corrosion resistant passive layer over time. On the other hand, the 
considerably low values of capacitance on the surface of Ti and TiN in basic electrolytes 
after 64 days (Fig. 3.11) might be indicative of concentration polarization. This could result 
from the depletion of ions in the solution near the surface of the working electrode.  
For Ti in neutral solution, the change in the slope of the Mott-Schottky plot in the 
range of -1 V – 0 V enabled us to calculate the thickness of the oxide layer using Equation 
1-3 in Chapter 1, Section 4. The calculated thickness after 17, 64, and 83 days was 7 nm, 
13.6 nm, and 15.8 nm respectively. An option to confirm this might be to utilize electron 
microscopy for determining the thickness of the native oxide layer over time.  
 
3.2.6. Electrochemical Impedance Spectroscopy (EIS) 
Nyquist plots were used to fit the equivalent electric circuit and find the polarization 
resistance as well as double layer capacitance of Ti and TiN films in various electrolytes. 
Figs. 3.13 – 3.16 show the Nyquist plots, from both experimental data and fitting, for Ti 
and TiN in neutral and acidic electrolytes. The Analysis tool within EC-lab software was 
used to fit the equivalent circuits. The instructions given in the manual [20] was followed. 
The equivalent circuits along with the theoretical values for circuit elements are also shown 
for each Nyquist plot. 
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Fig. 3.13: Nyquist plots from experimental data and circuit fitting for Ti in neutral 
electrolyte. The Randle circuit on the right was used as the equivalent circuit to model data. 
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Fig. 3.14: Nyquist plots from experimental data and circuit fitting for TiN in neutral 
electrolyte. The circuit on the right was used as the equivalent circuit to model data.  
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Fig. 3.15: Nyquist plots from experimental data and circuit fitting for Ti in acidic 
electrolyte. Two circuits on the right were both able to model data. These circuits both 
suggest a two-layer oxide on the surface.  
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Fig. 3.16: Nyquist plots from experimental data and circuit fitting for TiN in acidic 
electrolyte. The Randle circuit on the right was used as the equivalent circuit to model data. 
 
The circuit element, Q, in the circuits of Figs. 3.13 – 3.16 is called constant phase 
element (CPE) [20]. The impedance, Z, of a CPE is given by: 
𝑍𝑍 =  1
𝑄𝑄(𝑗𝑗2𝜋𝜋𝜋𝜋)𝑛𝑛
                                                   (Eq. 3-1) 
where Q is independent of frequency and its value at 1 rad/s gives the absolute value of the 
impedance; f is frequency, the power (n) is between zero and one. When n = 0, the CPE 
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behaves like a pure resistance, and when n = 1, it behaves like a pure capacitor [20]. In all 
the above circuits, R1 represents the resistance of the solution. In the Randle circuits of 
Figs. 3. 13 and 3. 16, R2 represents the polarization resistance of the oxide layer. Q is used 
instead of a pure capacitor to account for the non-ideality of the system [15]. The circuits 
of Figs. 3.14 and 3.15 have been used by some other researchers to describe a passive film 
consisting of two layers [15,21,22]. The outer layer is porous while the inner layer is more 
compact and is called the barrier layer [15,21,22]. Although the Nyquist plots are expected 
to have two semicircles with the equivalent circuits of Figs. 3.14 and 3.15, these two 
semicircles do not appear in the experimental Nyquist plots [15,21]. This is because 
experiments often do not go to very low frequencies required to get the whole data. 
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CHAPTER FOUR 
 
COMPARISON OF THE ELECTROCHEMICAL BEHAVIOR OF COUPLED FILM 
SYSTEMS WITH MONOLITHIC FILMS 
 
 
While the performance of monolithic films in electrolytes are important to 
understand the electrical behavior of each material (Chapter 3), the influence of interfaces 
and electrical coupling within systems can also impact the corrosion of devices. For 
example, it has been shown that ceramic/metallic multilayer coatings can improve the 
corrosion resistance of metallic substrates compared to some monolithic ceramic films. 
One of the primary reasons cited is that metallic layers reduce the incidence of through 
pinholes between the electrolyte and the substrate [1]. Another reason may be the creation 
of a galvanic couple. When dissimilar materials are in electric contact, they produce 
galvanic couple which could lead to severe galvanic corrosion [2]. Other groups have 
begun studying galvanic corrosion mechanisms of materials used within microelectronic 
devices [3–5]. Hung et al. [4,5] studied the effect of nitrogen level in TaNx [4] and TiNx 
[5] on galvanic corrosion between these barrier layers and the interconnects in the presence 
of acidic slurries that are used during etching of the metal lines. In this Chapter, we will 
monitor the influence of electrical coupling (connection of Ti and TiN samples with a wire 
in electrolyte) and compare their response to those of individual monolithic films. This 
chapter will begin with an introduction to galvanic coupling. It will then describe the 
electrochemical set-up for electrically coupled replicates. Finally, it will discuss the 
findings related to the influence of electrically coupling Ti and TiN on their 
electrochemical behavior.  
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4.1. Galvanic Coupling 
 The severity of galvanic corrosion can be predicted by the difference in the 
exchange current density of hydrogen evolution on the surface of different materials [2] or 
phases of one materials [6,7]. For example, the corrosion rate of Zn is increased when it is 
coupled with Pt because the exchange current density for hydrogen evolution is higher on 
the surface of Pt (10-2 A/cm2 for Pt vs. 2×10-10 A/cm2 for Zn in acid solutions) [8]. 
Therefore, it is worth noting that it is not the reversible thermodynamic potential of 
materials that determines the severity of galvanic corrosion between them [2]. 
In precipitation hardened alloys, the electrochemical reaction between surface 
inclusions, second phase isolated particles, and clustered particles and the surrounding 
matrix creates galvanic coupling and has caused pit initiation and growth [6,7]. In situ 
observations of pit nucleation and growth [9], as well as post-pitting examinations by 
scanning electron microscopy (SEM) [7], have provided evidence for particle induced 
pitting corrosion in Al alloys. Fig. 4. 1 shows the SEM micrograph of an Al 2024-T3 alloy 
before and after being kept in 0.5 M NaCl solution for 24 h [9]. It shows the dissolution of 
matrix around the particles as a result of galvanic effect.  
   
Fig. 4. 1: Mircrographs of an Al2024-T3 alloy (a) before and (b) after being kept in 0.5 M 
NaCl solution, showing pitting corrosion induced by secondary particles. Reproduced 
without permission from [9].  
(a) (b) 
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4.2. Experimental Methods 
Galvanically coupled Ti/TiN samples were made by electrically connecting one Ti 
sample and one TiN sample. The galvanic couple was used as the working electrode to 
study the electrochemical response of Ti and TiN when in contact with each other. This is 
schematically represented in Fig. 4.2. The experimental details were outlined earlier in 
Chapter 2, Section 3.  
 
Fig. 4. 2: Schematic of the electrochemical set-up for one replicate of electrically coupled 
Ti/TiN samples. 
 
4.3. Results and Discussions 
This section covers the results obtained for electrically coupled samples. 
Comparisons are made with monolithic Ti and TiN. 
 
4.3.1. Open Circuit Potential 
 The OCP of electrically coupled Ti and TiN thin films were measured over 100 
days to investigate their stability in the electrolytes over time. This was done to measure 
the influence of coupling as well as the pH of the electrolytes. The results are shown in Fig. 
4.3. 
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Fig. 4.3: OCP vs. time for Ti, TiN, and coupled Ti/TiN in neutral, acidic, and basic 
electrolyte. A significant difference was nt observed between the electrically coupled and 
monolithic replicates 
 
Fig. 4.3 shows that Electrically coupled replicates had the most negative potentials 
in the basic electrolyte. Electrically coupling Ti and TiN did not influence the OCP in a 
noticeable way in all three electrolytes. To further study the effect of electrically coupling 
on the OCP of Ti and TiN separately, replicates were disconnected after 105 days and OCP 
was measured on disconnected samples and the values were compared to those of 
uncoupled samples after the same amount of time. The results are presented in Table 4.1. 
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Although a certain conclusion was not possible due to the scatter in data, Table 4.1 
suggested that the most noticeable influence of coupling on OCP was observed for Ti in 
acidic cell and TiN in basic cell. In the next section, we will show that the same trend was 
also observed for Rp. 
Table 4.1: The OCP values of Ti and TiN in coupled and uncoupled systems after 105 days 
(The samples used for CPP were excluded from the table)  
 
Neutral cell 
 OCP (V) for Ti  OCP (V) for TiN  
Coupled Uncoupled Coupled Uncoupled 
0.236 0.246 0.230 0.264 
0.279 -0.138 0.04 0.279 
-0.007 0.237 0.301 0.262 
Acidic cell 
OCP (V) for Ti OCP (V) for TiN 
Coupled Uncoupled Coupled Uncoupled 
0.194 0.0573 0.195 0.271 
-0.2 0.0395 0.128 0.244 0.152 0.153 0.0426 
Basic cell 
OCP (V) for Ti OCP (V) for TiN 
Coupled Uncoupled Coupled Uncoupled 
-0.163 -0.235 -0.179 -0.410 
-0.259 -0.152 -0.212 -0.257 -0.187 -0.463 
 
4.3.2. Linear Polarization Resistance 
 The polarization resistance (RP) of the electrically coupled replicates were 
obtained from linear polarization method, and the results are presented in Fig. 4.4. The Rp 
values of monolithic Ti and TiN are also included to show the influence of electrically 
coupling Ti and TiN. The Rp values for electrically coupled replicates did not show a 
noticeable difference from those for uncoupled Ti and TiN replicates. The range of Rp 
values were lower in the basic electrolyte compared to that in neutral and acidic 
electrolytes.  
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Fig. 4.4: Rp vs. time for Ti, TiN, and coupled Ti/TiN in neutral, acidic, and basic 
electrolyte. No considerable difference was observed between the electrically coupled and 
monolithic replicates. 
 
The effect of coupling on the Rp of Ti and TiN was further analyzed by measuring 
Rp on disconnected samples after 105 days of having electric contact and then comparing 
the data with Rp values of uncoupled replicates after the same amount of time. The results 
are presented in Table 4.2. Data suggested that the most noticeable change in the behavior 
of Ti in contact with TiN was observed in the acidic electrolyte and there were at least two 
orders of magnitude increase in the Rp value of Ti. In the basic cell, TiN samples showed 
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an order of magnitude increase in the Rp value as a result of being in contact with Ti. These 
findings were further proved by other electrochemical tests that are discussed in the 
following sections. 
 
Table 4.2: RP values of Ti and TiN in coupled and uncoupled systems after 105 days (The 
samples used for CPP were excluded from the table)  
 
Neutral cell 
Rp (Ohm cm2) for Ti Rp (Ohm cm2) for TiN 
Coupled Uncoupled Coupled Uncoupled 
1.4E+07 5.3E+07 3.9 E+05 8 E+05 
2.1E+06 8.6 E+04 2.1 E+05 8.1 E+05 
1.9E+07 4.1 E+07 7.2 E+05 5.8 E+05 
Acidic cell 
Rp (Ohm cm2) for Ti Rp (Ohm cm2) for TiN 
Coupled Uncoupled Coupled Uncoupled 
6.9 E+07 2.1 E+05 2.9 E+05 1.9 E+06 
1.9 E+09 7.2 E+05 3.4 E+05 3.7 E+06 
5 E+07 2 E+05 5.6 E+06 8.3 E+05 
Basic cell 
Rp (Ohm cm2) for Ti Rp (Ohm cm2) for TiN 
Coupled Uncoupled Coupled Uncoupled 
5.9 E+05 1.5 E+05 5.5 E+05 4.8 E+04 
1 E+05 1.2 E+05 3 E+05 8.9 E+04 4.5 E+04 
 
4.3.3. Cyclic Potentiodynamic Polarization 
CPP was performed repeatedly on one of the four replicates of electrically coupled 
Ti/TiN sample in each cell. Fig. 4.5 shows the CPP curves after two (2) and 64 days of 
exposure to each electrolyte. The results from monolithic Ti and TiN are also included for 
comparison. According to Fig. 4.5, after two (2) days in all three electrolytes, the critical 
current densities of the coupled replicates were on the same order of magnitude as those of 
monolithic replicates. However, the influence of electrically coupling Ti and TiN on 
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critical current densities was observed after 64 days of immersion. In the neutral cell, the 
electrically coupled system showed lower critical current density and lower corrosion 
current density compared to both monolithic films. In the acidic electrolyte, the coupled 
system showed higher critical current density and more negative corrosion potential 
compared to individual monolithic films. In the basic cell, the critical current density of the 
coupled sample laid between that of individual monolithic films. In summary, electrically 
coupled replicates showed higher corrosion activity in the acidic electrolyte as a result of 
galvanic effect. 
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Fig. 4.5: CPP plots for Ti, TiN, and electrically coupled Ti/TiN in neutral, acidic, and basic 
electrolyte after two (2) days and 64 days. After 64 days, coupled replicates showed 
different behavior depending on the pH, while such a difference was not visible after 2 
days.  
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Corrosion current densities (Icorr) and corrosion potentials (Ecorr) were obtained 
from CPP curves of Ti and TiN after two (2) days in each electrolyte. The plots of Fig. 4.6 
were constructed. According to these plots, the rate of cathodic reaction was higher on the 
surface of TiN in all electrolytes. The cathodic reaction is hydrogen evolution in acidic cell 
and oxygen reduction in neutral and basic cells. Based on the green lines for the total anodic 
and cathodic reactions in galvanic couples, only in the basic cell a considerable increase 
occurred in the corrosion rate of TiN as a result of coupling. This is in accordance with the 
OCP and Rp data reported for TiN in Tables 4.1 and 4.2 respectively.  
(a) 
 
Fig. 4.6 (a): Galvanic coupling between Ti and TiN in neutral, acidic, and basic 
electrolytes. The most noticeable difference between the total anodic reaction in galvanic 
couples and the anodic reaction in individual TiN is observed in the basic cell. 
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(b) 
(c) 
 
Fig. 4.6 (b-c): Galvanic coupling between Ti and TiN in neutral, acidic, and basic 
electrolytes. The most noticeable difference between the total anodic reaction in galvanic 
couples and the anodic reaction in individual TiN is observed in the basic cell. 
 
 
 
 
 78 
4.3.4. Mott-Schottky Analysis 
Mott-Schottky was performed repeatedly on one of the four replicates of coupled 
system in each cell. Mott-Schottky plots of C-2 as a function of the potential of working 
electrode are shown in Fig. 4. 7 after two (2) and 64 days. Data at the frequency of 11.5 
kHz was used for analysis. It was noted in Section 3.2.5 that the Mott-Schottky behavior 
of both Ti and TiN in basic electrolyte deviated from the typical expected behavior at 
longer exposure times. The same phenomenon was observed for electrically coupled 
replicates in basic electrolyte after 64 days. The considerably low values of capacitance in 
basic electrolyte after 64 days could again be indicative of concentration polarization. In 
neutral and acidic cells, the capacitance of the coupled sample was close to the equivalent 
capacitance of two parallel capacitors (Ctotal = C1 + C2). 
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 Fig. 4.7: Mott-Schottky plots for Ti, TiN, and coupled Ti/TiN in different electrolytes after 
two (2) days and 64 days. The positive slopes for Ti in the range of -1 V – 0 V and the 
positive slopes for TiN in +0.5 V – 1 V show n-type semiconductivity. TiN after two (2) 
days in basic electrolyte is the only case with negative slope.  
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4.3.5. Electrochemical Impedance Spectroscopy 
It was mentioned in section 4.3.2 that coupling increased the polarization resistance 
of Ti in the acidic electrolyte and the polarization resistance of TiN in the basic electrolyte. 
To further prove these results, EIS was performed on samples that were disconnected after 
105 days of having electric contact in acidic and basic electrolytes. The Nyquist as well as 
Bode plots were compared with those of uncoupled replicates after the same amount of 
time. The results are presented in Fig. 4.8.  
The result of EIS was in accordance with LPR result. EIS showed higher 
polarization resistance for Ti in the galvanic couple compared to the individual Ti in the 
acidic electrolyte. EIS also showed higher polarization resistance for TiN in the galvanic 
couple compared to the individual TiN in the basic electrolyte. Also, Warburg diffusion 
element was present in the Nyquist plots of both coupled and individual TiN in basic 
electrolyte. Warburg element is present when we have concentration polarization. This 
means control by diffusion of ions in the electrolyte or diffusion of charge carriers in the 
oxide layer. The former happens when there is ion depletion in the electrolyte near the 
surface, while the latter could show a resistant oxide layer on the surface.   
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Fig. 4.8: EIS data shown in Nyquist, Bode impedance, and Bode phase diagrams for Ti in 
acidic electrolyte and TiN in basic electrolyte.  
 
 82 
4.4. References Cited in Chapter 4 
[1] Leoni, M., Scardi, P., Rossi, S., Fedrizzi, L., and Massiani, Y., 1999, “(Ti,Cr)N and 
Ti/TiN PVD Coatings on 304 Stainless Steel Substrates: Texture and Residual 
Stress,” Thin Solid Films, 345(2), pp. 263–269. 
[2] Fontana, M. G., and Greene, N. D., 1978, Corrosion Engineering, McGraw-Hill, 3rd 
edition, pp. 487-489. 
[3] Griffin, A. J., 1994, “A Galvanic Series for Thin-Film Metallizations and Barrier 
Layers Commonly Used in the Microelectronics Industry,” J. Electrochem. Soc., 
141(3), pp. 807–809. 
[4] Hung, C.-C., Wang, Y.-L., Lee, W.-H., and Chang, S.-C., 2008, “Investigation of 
Static Corrosion between W Metals and TiNx Barriers in a W Chemical-
Mechanical-Polishing Slurry,” J. Electrochem. Soc., 155(7), pp. H469–H473. 
[5] Hung, C.-C., Wang, Y.-S., Lee, W.-H., Chang, S.-C., and Wang, Y.-L., 2007, 
“Investigation of Galvanic Corrosion Between TaNx Barriers and Copper Seed by 
Electrochemical Impedance Spectroscopy,” Electrochem. Solid-State Lett., 10(4), 
pp. H127–H130. 
[6] Sriraman, M. R., and Pidaparti, R. M., 2009, “Life Prediction of Aircraft Aluminum 
Subjected to Pitting Corrosion Under Fatigue Conditions,” J. Aircr., 46(4), pp. 
1253–1259. 
[7] Wei, R. P., 2001, “A Model for Particle-Induced Pit Growth in Aluminum Alloys,” 
Scr. Mater., 44(11), pp. 2647–2652. 
[8] Jones, D. A., 2001, Principles and Prevention of Corrosion, Pearson Education, 2nd 
 
 83 
edition, p. 99, 173, 174. 
[9] Liao, C.-M., Olive, J. M., Gao, M., and Wei, R. P., 1998, “In-Situ Monitoring of 
Pitting Corrosion in Aluminum Alloy 2024.pdf,” Corrosion, 54(6), pp. 451–458. 
 
 
 
 
 
84 
CHAPTER FIVE 
 
THE ELECTROCHEMICAL BEHAVIOR OF BILAYERS AND NANOLAMINATES 
COMPARED TO COUPLED FILM SYSTEMS AND MONOLITHIC FILMS 
 
 
Although the driving force for the advances in plasma deposition techniques was 
microelectronic industry, these techniques have found widespread applications in other 
areas of coatings such as optical coatings and wear-resistant coatings [1]. In many 
applications, these films are deposited in various layered configurations, and therefore 
interfaces play a fundamental role in determining the properties of interest. The materials 
science community has shown that the formation energy of point defects, including 
electronic defects (electron and hole) and ionic defects (vacancies and interstitials) are 
lower in interfaces compared to the bulk due to an excess free energy in the interface [2,3]. 
Therefore, ionic/electronic defects can be accumulated in the interface, leading to the 
formation of space charge layers within the thin film adjacent to the interface. These space 
charge layers are accumulated with defects of the opposite charge. The result is anisotropic 
transport of charge carriers, meaning that conductivity increases parallel to the interface 
but is blocked or constricted perpendicular to the interface [2,3]. In order to decouple the 
effect of interface from the effect of galvanic coupling on the electrochemical performance 
of layered thin films, this research also uses Ti/TiN bilayer and nanolaminate deposited on 
Si wafers to study the role of interface on electrochemical behavior. The electrochemical 
performance of monolithic Ti and TiN films was discussed in Chapter 3. The effect of 
galvanic coupling on electrochemical performance of Ti and TiN was highlighted in 
Chapter 4. In this chapter, an overview of some studies on PVD Ti/TiN layered structures 
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is given. This is followed by some initial results on electrochemical performance of Ti/TiN 
bilayers and nanolaminates. The experimental details were outlined earlier in Chapter 2, 
Section 3. 
 
5.1. Layered Ti/TiN Structures 
Thin films of transition metal nitrides, carbides, and borides are applied to improve 
the hardness, wear resistance, and corrosion resistance of metallic substrates [4,5]. These 
films prepared by PVD methods typically show columnar structure with a high density of 
defects such as pinholes and micropores which can extend through the whole thickness of 
the film and expose the substrate to the electrolyte [6–8]. Therefore, efforts have been made 
to improve the quality of these films in terms of density and uniformity of the structure by 
controlling processing parameters [9,10], depositing metallic/ceramic and ceramic/ceramic 
multilayers, and using post-processing thermal treatments [11]. Deposition of 
metallic/ceramic layered systems is the focus of this section. 
As mentioned above, multilayered ceramic-metallic coatings have been introduced 
as one of the possible approaches to minimize the impact of pinholes and micropores. 
Ti/TiNx multilayered films as a model metallic/ceramic system have gained a lot of 
attention [12–15] due to their capability to improve electrochemical performance via 
providing an increased number of interfaces, a reduced grain size, and a reduced number 
of defects. There are several studies in the literature showing better corrosion resistance of 
multilayered coatings over single layer coatings [12–15]. Architectural aspects of 
multilayers including the number and the modulation period of layers as well as the 
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thickness ratio of Ti/TiN layers have been studied by some researchers. Marco et al. [12] 
compared the electrochemical behavior of bilayer Ti (100 nm)/TiN (1000 nm) and 
multilayer Ti (100 nm)/TiN (100 nm)/Ti (100 nm)/TiN (100 nm) films deposited by 
reactive DC sputtering on an iron layer. Based on the X-ray Photoelectron Spectroscopy 
(XPS) analysis of the samples after exposure to a salt fog spray test, these researchers 
reported that the bilayer coating yielded higher corrosion resistance. In another study by 
Herranen et al.[13], two multilayered Ti/TiN with different modulation periods (0.08 µm 
and 0.5 µm) were deposited on ASP2030 tool steel by ion plating technique. They kept a 
total film thickness of 1 µm for all the samples. The results of potentiodynamic 
measurements in 1 M H2SO4 electrolyte revealed the multilayer with longer period showed 
lower critical current density, reflecting denser structure with less porosity. Therefore, 
these researchers concluded that a few thick Ti layers with large crystallites were more 
efficient in improving electrochemical behavior by preventing columnar growth. In the 
work done by Ries et al. [16], coatings with the same total thickness and number of Ti/TiN 
layers but different Ti/TiN thickness ratio (0.5 and 2) were deposited on CK 45 steel 
substrate by reactive magnetron sputtering. Cyclic voltammetry in 1 M acetate solution 
(pH = 5.6) showed the sample with higher Ti/TiN thickness ratio had poorer corrosion 
resistance. The same finding was reported by Hubler [17] when he used reactive magnetron 
sputtering to produce Ti/TiN coatings with the same total thickness as well as number of 
layers, and with the thickness ratios of 0.5 and 2 on CK45 substrate. Cyclic voltammetry 
was used as the evaluation method. 
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Based on the studies reviewed, few if any discussions were reported as to how the 
change in the architecture of the layers caused the resulted change in electrochemical 
behavior. This necessitates the need for a systematic study on the influence of interface 
during electrochemical reactions. 
The following section covers the results obtained for bilayered and nanolaminated 
systems. Comparisons are made with coupled and monolithic Ti and TiN films. 
 
5.2. Results and Discussions 
This section presents the results obtained for a 100 nm Ti/100 nm TiN bilayer with 
TiN being the outer layer, and some initial results for a 100 nm Ti/100 nm TiN 
nanolaminate with a total thickness of 1000 nm and TiN as the outer layer. Results from 
monolithic and electrically coupled films are also included for comparison.  
 
5.2.1. Structure and Morphology of the Bilayered Film 
Fig. 5. 1 shows the AFM images of the bilayered as well as the monolithic Ti and 
TiN films. Comparing the surface morphology of the bilayered film with monolithic TiN 
in Fig. 5.1, it was observed that Ti interlayer influenced the nucleation and growth of the 
outer TiN layer. This resulted in larger grain size for bilayer (70 nm) compared to 
monolithic TiN (28 nm). However, the surface roughness was in the same range for bilayer 
and monolithic films (3.86 nm for bilayer vs. 4.04 nm for TiN).  
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Fig. 5.1: AFM micrographs of as-deposited Ti, TiN, and Ti/TiN bilayer. The inner Ti layer 
in the bilayer affected the morphology of the outer TiN layer compared to the monolithic 
TiN film. 
 
 In order to study the crystal orientation of bilayered film, the XRD pattern was 
obtained. The diffraction pattern of the bilayered film is compared with that of Ti and TiN 
films in Fig. 5.2. The XRD pattern of the bilayered film showed all the peaks from 
monolithic Ti and monolithic TiN. The peaks at 42° and 44° that were assigned to anatase 
TiO2 also appeared in the peaks of the bilayered film. 
Ti TiN 
Ti/Ti 
bilayer 
 
 89 
 
Fig. 5.2: XRD patterns of as-deposited Ti, TiN, and Ti/TiN bilayer. The pattern of bilayer 
shows the peaks from the oxide layer, TiN, and Ti. 
 
5.2.2. Open Circuit Potential 
The OCP of the bilayered Ti/TiN was monitored for 20 min immediately after 
exposure to each electrolyte. The results are shown in Fig. 5. 3. This type of measurement 
is useful in understanding the initial behavior of the oxide layer when exposed to an 
electrolyte. Fig. 5. 3 shows the dramatic initial drop in the potential of the bilayer replicate 
in the basic solution. This might indicate the initial dissolution of the native oxide layer in 
the basic electrolyte. This might also be due to the formation of a hydroxide layer 
immediately after exposure to the basic solution. 
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Fig. 5.3: OCP of bilayered Ti/TiN replicates as a function of time immediately after 
exposure to each electrolyte. The dramatic drop in the potential of the replicate in the basic 
electrolyte shows the dissolution of the native passive film in this electrolyte.  
 
Four replicates were used in each electrolyte. However, delamination of the bilayer 
film occurred to the replicates in the basic cell. The surface of the replicates wrinkled in 
the acidic electrolyte. The reason for these observations requires further study, but it could 
be due to high residual stresses in the film. However, the replicates in the neutral electrolyte 
remained intact except for the one that was used for CPP test, which became wrinkled after 
the test. 
The OCP of the replicates in the neutral electrolyte was monitored over time and 
was compared with the electrically coupled replicates as shown in Fig. 5.4. Also, three 
replicates with nanolaminted film were kept in the neutral electrolyte, and their OCP was 
monitored for 12 days. The results are presented in Fig. 5.4. According to this figure, the 
OCP values of coupled, bilayered, and nanolaminated Ti/TiN films were all within the 
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scatter range of data. Bilayered system, however, showed the least dispersion in data, and 
its upper range of potentials was lower that coupled and nanolaminate systems.  
  
Fig. 5.4: OCP vs. time for coupled, bilayered, and nanolaminated Ti/TiN replicates in 
neutral electrolyte. No significant difference in OCP is observed among these systems.  
 
5.2.3. Linear Polarization Resistance 
The polarization resistance (Rp) of bilayered replicates were measure after 17 days 
of exposure to neutral electrolyte. Table 5.1 compares these results with Rp values of 
monolithic, coupled Ti/TiN, and nanolaminated replicates under the same time and 
electrolyte conditions. According to Table 5.1, no significant difference was noticed among 
systems with regard to their polarization resistances. Bilayered system showed the least 
scatter in Rp data, in accordance with the observation on OCP values. The highest scatter 
was observed for monolithic Ti and nanolaminated systems. It was also noticed in previous 
chapters that there was more scatter in data in the neutral cell compared to acidic and basic 
cells. This could be due to a less active behavior in the neutral electrolyte. 
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Table 5.1: The RP (ohm cm2) values of four replicates of bilayered Ti/TiN, coupled Ti/TiN, 
nanolaminated Ti/TiN, and monolithic Ti and TiN in neutral electrolyte. 
 
Ti TiN Coupled Ti/TiN Bilayered Ti/TiN 
Nanolaminated 
Ti/TiN 
2.0E07 6.0E05 6.5E05 5.0E05 7.2E04 
5.7E05 6.2E05 7.3E06 3.8E05 8.8E06 
2.6E07 4.2E06 7.1E05 5.9E05 3.5E04 
5.7E05 3.9E05 4.7E05 6.4E05 8.9E06 
 
5.2.4. Mott-Schottky Analysis 
Mott-Schottky was performed on one bilayered replicate after 17 days of exposure 
to neutral electrolyte. Donor density (ND) and flat-band potential (Efb) were calculated from 
Mott-Schottky plot at the frequency of 11.5 kHz, using Eq. 1-2 in Chapter 1, Section 4. 
Fig. 5.5 shows Mott-Schottky plots of Cs-2 vs. the potential of working electrode for 
bilayered, coupled, and monolithic films.  
 
Fig. 5.5: Mott-Schottky plots for bilayered Ti/TiN, coupled Ti/TiN, and monolithic Ti and 
TiN replicates in neutral electrolyte. The linear part in the range of -1 V to -0.5 V was used 
to calculate donor density and flat band potential of monolithic Ti. For the rest of the 
replicates, the potential range of 0 V to +1 V was used for calculations. 
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The values of donor density and flat band potentials for bilayered, coupled, and 
monolithic films in neutral cell are listed in Table 5.2. The dielectric constant used in 
calculations had the value 60 in all systems. For the coupled system, the sum of the areas 
of two connected samples was used as the total area of the electrode.  
 
Table 5.2: Donor densities (cm-3) and flat-band potentials (V) of bilayered Ti/TiN, coupled 
Ti/TiN, and monolithic Ti and TiN after 17 days in neutral electrolyte. 
 
 Ti TiN Bilayered Ti/TiN CoupledTi/TiN 
ND (cm-3) 1.6E20 4.8E20 2.7E20 3.0E20 
Efb (V) -1.7 -0.5 -0.08 -2.34 
 
The positive slope on the curves of Fig. 5.5 showed all systems behaved as an n-
type semiconductor. All the donor densities were in the same order of magnitude. This 
range was also found for monolithic films in other electrolytes, which was discussed in 
Chapter 3, Section3. Flat-band potentials, on the other hand, depended on the system. It 
was mentioned in Chapter 1, Section 4 that flat-band potential, also called zero-charge 
potential, is the potential at which no charge transfer occurs between the surface and 
electrolyte. Therefore, a more positive flat-band potential in the bilayer could indirectly 
show higher resistance to corrosion.   
 
5.2.5. Electrochemical Impedance Spectroscopy 
The Nyquist plots and Bode plots for one bilayered and one electrically coupled 
replicate in neutral electrolyte are shown in Fig. 5.6. The Bode phase plot showed that at 
low frequencies, where there is enough time for diffusion, and therefore the behavior is 
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attributed to the inner layers of the layered structures, different processes occurred in 
coupled and bilayered systems. As a result of these different processes, electrical energy is 
absorbed at different frequencies. Therefore, the phase lag between current and potential 
appears at different frequencies.  
 
  
  
Fig. 5.6: EIS data shown in Nyquist, Bode impedance, and Bode phase diagrams for 
bilayered and coupled Ti/TiN films in neutral electrolyte. At low frequencies, the two 
systems show noticeable difference in their Bode phase diagrams.  
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In summary, while the OCP and Rp values did not show a noticeable difference 
between the electrically coupled and bilayer film in the neutral cell, flat-band potential and 
EIS diagrams showed considerable difference. This suggests that only the electrochemical 
techniques that are capable of measuring parameters directly related to the electronic 
structure of the material could show differences in the behavior of layered structures. This 
could be because of the influence of the interface on the electronic structure of the material.  
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CHAPTER SIX 
 
CONCLUSIONS AND FUTURE WORK 
 
This research focused on the reliability issues due to corrosion in microelectronic 
devices. Ti and TiN thin films are often incorporated within these devices as adhesion and 
diffusion barrier layers. This work utilized these thin films as model system to investigate 
corrosion within the interconnections of microelectronic devices. The electrochemical 
behavior of nano-scaled Ti and TiN films deposited on Si wafers was studied in different 
environments. The aim was to understand the influence of the pH of environment on 
electrochemical performance of these films over time. This study also quantified the 
differences in electrochemical performance of Ti and TiN thin films as a model for metallic 
and ceramic thin films within microelectronic devices. Additionally, device 
miniaturization has led to densely-packed ICs with large areas of interfaces between 
materials. These can influence and induce new corrosion mechanisms. This work also used 
galvanic couples of Ti and TiN films to quantify the electrochemical behavior of Ti and 
TiN together as an electrically coupled system. The aim was to understand the galvanic 
effect between Ti and TiN in different electrolytes. Additionally, this work investigated the 
electrochemical behavior of bilayered and nanolaminated thin films to understand if 
electrically coupled and bilayer films behave differently. Another aim was to find out if 
macroscale corrosion testing can show the influence of interface on electrochemical 
behavior of layered structures compared to the electrically coupled films. 
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6.1. Overview of Key Results 
 In the following sections, we will summarize the key findings of this study 
and we will present some recommendations for future study. The key findings of this 
research are summarized under three important parameters: environment, electrically 
coupling Ti and TiN, and interface. 
  
6.1.1. The Influence of Environment 
 It was observed that both Ti and TiN possessed more negative potentials in basic 
electrolytes. This is most likely due to the formation of hydroxide layer in the basic 
electrolyte. The pH of environment also played a role in the stability of samples over time. 
TiN replicates, for example, showed some instability in their OCP values in the basic 
electrolyte. The difference between the electrochemical performance of Ti and TiN 
depended on the environment as the considerable difference was observed in the acidic 
electrolyte. This could result from having different oxide layers on Ti and TiN in acidic 
electrolyte. The environment also affected the behavior of electrically coupled replicates. 
The most negative potentials were once again observed for replicates in the basic 
electrolyte. It was also found out that the environment played a role in how electrically 
coupling Ti and TiN affected the electrochemical properties of each individual film in the 
coupled condition. The most considerable change in the electrochemical properties of Ti 
as a result of being in electric contact with TiN was observed in the acidic electrolyte. 
These observations are mainly related to the differences in composition and compactness 
of the passive layer in different electrolytes.  
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 6.1.2. The Influence of Electrically Coupling Ti and TiN 
 The electrochemical behavior of electrically coupled film did not show a noticeable 
difference from that of monolithic films through OCP and Rp measurements. However, 
CPP results showed substantial differences between coupled and monolithic samples, 
especially after longer exposure times. The highest corrosion activity in terms of higher 
critical current density and more negative corrosion potential was observed for the coupled 
replicate in the acidic electrolyte. Mott-Schottky results showed that the capacitance of the 
electrically coupled replicates in acidic and neutral was equivalent to that of the monolithic 
films in parallel with each other. 
 
 6.1.3. The Influence of Interface in the Layered Structures 
 It was found out that the electrochemical performance of bilayer and electrically 
coupled films were different. However, it was observed that macroscale corrosion testing 
was not able to distinguish the behavior of bilayered and nanolaminated Ti/TiN films from 
that of monolithic and electrically coupled films through such techniques as OCP and LPR. 
However, differences between the EIS and Mott-Schottky results of bilayered and coupled 
films were observed. Since the interface affects the electronic structure of the film, 
techniques that are sensitive to electronic structure should be employed to study the effect 
of interfaces on electrochemical response of the bilayers and nanolaminates. 
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6.2. Additional Studies Needed 
 While this research provides some insight into the electrochemical performance of 
Ti and TiN, there are several areas in which this work could be expanded. 
• In this study, the pH values of the solutions were adjusted to the desired values at 
the beginning. Although the solutions were partially refreshed every 3 weeks, the 
change in the pH could occur in the presence of oxygen, especially in the basic 
electrolyte. Therefore, buffer solutions with nearly constant pH values are 
recommended to be used for future studies in order to keep the pH constant. 
• The first OCP measurement was performed after a few minutes from the exposure 
time. However, for bilayer replicates, the OCP was monitored for 20 min 
immediately after exposure to each electrolyte. The curves shown in Fig. 5. 3 of 
Chapter 5 suggested a more dramatic change in the basic electrolyte. It is suggested 
that the OCP of replicates be monitored immediately after the immersion in the 
electrolyte to gain information on the initial change in the behavior of the native 
oxide layer when the it is exposed to a certain electrolyte.  
• The results of this work showed different behavior between Ti and TiN in acidic 
electrolyte. It is interesting to know if such differences could be predicted by 
Pourbaix diagrams. For this purpose, it is recommended that Pourbaix diagram 
should be constructed for TiN based on the thermodynamic data available for its 
reaction with oxygen and water. 
• It was previously discussed that the exchange current density of hydrogen evolution 
on the surface of different materials is a critical parameter in determining the 
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significance of galvanic effect between different materials. Measuring exchange 
current density on the surface of Ti and TiN in different electrolytes is suggested to 
help with predicting galvanic effect. It is suggested that these exchange current 
densities be measured and monitored over time. 
• This study showed the importance of the surface oxide layers on determining the 
electrochemical performance. In several applications, thin films are subject to 
different types of mechanical loading that could damage the oxide layer. Therefore, 
it is important to study and compare the kinetics of the oxide layer formation in 
each electrolyte. To do so, a preliminary scratch test was performed. In this test, the 
oxide layer was removed while the sample was in a high-pH electrolyte with 20% 
NaCl, and the potential was monitored with time as shown in Fig. 6.1. The points 
1, 2, and 3 shown by arrows on Fig. 6.1 were the times when scratches were made 
on the surface. At points 1 and 3 a metallic needle was used to scratch the surface 
while at point 2 a plastic straw was used. The difference in the sign of the potential 
jump could be related to the fact that metallic needle might have caused charge 
disturbance on the surface. The kinetics of oxide layer formation could be compared 
for Ti and TiN in different electrolytes by having these curves. 
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Fig. 6.1: Potential vs. time after scratching the surface of Ti an alkaline electrolyte with 
20% NaCl. Scratches were made at points 1, 2, and 3. The potential returned to its initial 
value in all cases.  
 
• In this study, the bilayer film was only investigated in the neutral cell because of 
the delamination of the film in acidic and basic electrolytes. Further investigation 
is required to find out the reason for delamination of bilayered Ti/TiN films at high 
and low pH electrolytes. It is suggested that the films should be tested for the quality 
of their adhesion as well as their level of residual stresses prior to being exposed to 
the electrolyte. This could be fulfilled by nanomechanical testing. The influence of 
surface cleaning prior to deposition should also be taken into account. 
• It was mentioned in Chapter 5 that the accumulation of ionic/electronic defects 
occurs at the interface because of higher energy of the interfaces. This leads to the 
formation of space charge layers within the thin film adjacent to the interface. It is 
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suggested that the electronic structure of the interface should be studied by EELS. 
Once the electronic/ionic structure is understood with TEM, the impedance of the 
system can be modeled more accurately to be used with the experimental data from 
EIS. Also, during the deposition of the layered films, an oxide layer can be formed 
at the interfaces. Electron microscopy can be used to study this oxide layer. 
 
